This paper presents an experimental and analytical study of irreversible change in piezoelectric wafer active sensor (PWAS) electromechanical (E/M) impedance and admittance signature under high temperature exposure. After elevated to high temperatures, change in the material properties of PWAS can be quantified through irreversible changes in its E/M impedance and admittance signature. For the experimental study, circular PWAS transducers were exposed to temperatures between 50°C and 250°C at 50°C intervals. E/M impedance and admittance data were obtained before and after each heating cycle. Irreversible temperature sensitivity of PWAS resonance and anti-resonance frequency was estimated as 0.0246 kHz°C −1 and 0.0327 kHz°C −1 respectively. PWAS transducer material properties relevant to impedance or admittance signature such as dielectric constant, dielectric loss factor, mechanical loss factor, and in plane piezoelectric constant were determined experimentally at room temperature before and after the elevated temperature tests. The in-plane piezoelectric coefficient was measured by using optical-fiber strain transducer system. It was found that the dielectric constant and in-plane piezoelectric coefficient increased linearly with temperature. Dielectric loss also increases with temperature but remains within 0.2% of initial room temperature value. Change in dielectric properties and piezoelectric constant may be explained by depinning of domains or by domain wall motion. The piezoelectric material degradation was investigated microstructurally and crystallographically by using scanning electron microscope and x-ray diffraction method respectively. There were no noticeable changes in microstructure, crystal structure, unit cell dimension, or symmetry. The degraded PWAS material properties were determined by matching impedance and admittance spectrums from experimental results with a closed form circular PWAS analytical model. Analytical results showed that impedance and admittance strongly depend on elastic coefficient, dielectric constant, mechanical loss factor, dielectric loss tangent and in plane piezoelectric constant. These properties were found to be susceptible to change after high temperature exposure.
Introduction
Piezoelectric wafer active sensor (PWAS) has been used extensively for detecting damage and flaws in structures [1] [2] [3] . The electro-mechanical (E/M) impedance and admittance method has been used to characterize the state of a host structure using permanently bonded PWAS transducer. The basic principle of this method is to monitor variation in impedance/admittance signature measured by the PWAS transducers [4, 5] . Through E/M coupling between electrical response of PWAS transducer and mechanical properties of host structure, the state of a host structure is reflected in the E/M impedance and admittance spectra. Resonance/antiresonance frequency and amplitude are the most important features of an E/M impedance/admittance spectrum. Damage can be detected by observing the change in peak amplitude and its frequency. However, a problem may arise while using E/M impedance/admittance method on host structures exposed to high temperature. After high temperature exposure, the E/M impedance/admittance method may lead to flawed damage detection due to change in material properties of PWAS transducer itself.
The significance of SHM has been emphasized in so many fields such as dry cask storage canister (nuclear spent fuel storage), pressure vessel and pipe, turbine blade and so on; where attention is being drawn to the successful implementation of SHM techniques due to temperature variation. In such cases, SHM can be done at room temperature or at relatively lower temperature when the structure is not in operation or out of service. However during service, permanently bonded PWAS transducer may be exposed to high temperature. The fundamental properties of a PWAS transducer material are defined by the piezoelectric, dielectric, elastic coefficients etc. They are temperature dependent and become irreversible when the applied temperature exceeds characteristic limits of the PWAS transducer material. Changes in resonance or anti-resonance amplitude or frequency may result from change in above mentioned PWAS transducer material properties. This irreversible behavior may be explained as thermal hysteresis; possible reasons for this irreversibility may be due to the irreversible domain switching, depinning of domains, or domain wall motion in the PWAS transducer material. Piezoelectric materials PZT consist of domains of aligned electric dipoles, separated by domain walls. A domain must possess at least two stable states, and must have the ability to be reversibly switched from one state to another by the application of an electric field. When an electric field is applied the various domains can reorient, leading to a switching in net polarization of the bulk material. High temperature exposure of the piezoelectric materials may lead to change the domain state and causes irreversible domain switching upon applying an electric field. Moreover, some domains may not move to polarization direction and the domain wall sits in a local energy minimum at room temperature. This phenomenon is known as pinning of domain wall. An external energy is required for depinning the domain wall from its pinned position; due to heating of the piezoelectric materials may provide such energy and helps the domain to orient to its favorable direction.
This research may help develop a temperature compensation technique for impedance and admittance where used in SHM applications. In order to use PWAS transducer as a SHM transducer, temperature dependence PWAS material properties should be investigated and PWAS transducer should be defect free. Proper transducer characterization allows a SHM system to infer the integrity of the transducers and separate transducer flawed signal from structural defects in extreme environment.
State of the art review of smart sensing system
PWAS have emerged as one of the major SHM technologies; the same sensor installation can be used with a variety of damage detection methods: propagating ultrasonic guided waves, standing waves (E/M impedance) and phased arrays [1, 2] . PWAS transducers are very small, lightweight and inexpensive transducers. PWAS transducers can be bonded on a host structure or between layers of a structure easily. PWAS transducers require low power, which enables it to be feasible for onsite inspection in SHM and NDE applications. PWAS transducers are made of piezoelectric material with electrodes deposited on the upper and lower surfaces as grounding and supplying electrodes to polarize the electric field through the thickness. The traditional PWAS transducers use piezoelectric material lead zirconate titanate (PZT). PWAS transducer material has been attracted by researchers due to its enhanced sensing, actuation or both capabilities. PZT with large coupling coefficient, high permittivity and quick time to respond make it to be an excellent candidate as piezoelectric transducer in SHM and NDE applications [6] . Property enhancement was made at the expense of temperature, electric field, and stress stability. Property enhancement is achieved by chemical composition to allow domain wall motion to extensively contribute to the piezoelectric effect. This compound class shows much better piezo-electrical and piezo-mechanical efficiency than naturally occurring piezoelectric materials [7] . Commercially available APC 850 PWAS transducer was used in this research [8] . The wafers disk is 7 mm in diameter and 0.2 mm in thickness. The wafer has a PZT thin film with silver (Ag) electrode on upper and lower surfaces. The Curie point of APC 850 PWAS transducer is 350°C [8] . The Curie transition temperature was kept well above the maximum operating temperature (250°C) in this study.
For SHM applications at elevated temperatures using E/M impedance/admittance method by PWAS transducer, only a few tentative trials have so far been reported but material characterization has not been done yet [9, 10] . Bastani et al [11] investigated the effect of temperature variation on piezoelectric transducers used in SHM applications. In that paper the structure was selected approximately for an operational range of 29°C-59°C. The experimental results showed that the peak magnitude of real part of impedance decrease monotonically with increasing temperature for both pristine structure and damage structure. The variations in both the amplitude and the frequency were analyzed experimentally by Baptista et al [12] for temperatures ranging from 25°C to 102°C. Experimental results showed that the variation in the amplitude is due to the dielectric properties of piezoelectric transducers. The frequency shifts of the resonance peaks were observed with increasing temperature. Baba et al [13] developed a high temperature transducer using lithium niobate (LiNbO 3 ) and that worked up to 1000°C without failure. Patel et al [14] used AlN thin film for high frequency and high temperature ultrasonic transducer. No damage was observed for AlN after exposure to 1220°K. Stubbs et al [15] developed and tested a sensor that is capable of emitting and receiving ultrasonic energy at temperatures exceeding 900°C and pressures above 150 MPa. Radiation, temperature and vacuum effects on PWAS transducers were studied by Giurgiutiu et al [16] . The change in resonance and antiresonance frequencies and amplitudes were obtained experimentally in that paper.
The PZT material used in PWAS transducer is a ferroelectric material and, for most ferroelectric materials the existence of domain structure or domain wall make a significant influence on the material properties. In PZT solid solution system the material properties may be changed due to change in the domain size and domain wall motion [17] . The material properties of PWAS transducer depend on both intrinsic and extrinsic properties. The material properties from a single domain are denoted as the intrinsic properties of the material, while the contributions from extrinsic parts of the material mainly from domain wall motion. It is expected that both intrinsic and extrinsic contributions are influenced by domain size and domain wall motion. So the dielectric constant, piezoelectric constant and elastic compliance depend on both extrinsic and intrinsic contribution of PWAS transducer material.
The thermal anisotropy may contribute to the internal stress development during cooling of PWAS transducer material and that is released by changing the domain size as a result of multi domain formation, resulting in easy domain switching without changing in microstructure [18] [19] [20] [21] . Another possible reason is depinning of domains, this process helps previously restricted domain to reorient in favorable direction during heating. Upon cooling of PWAS, piezoelectric, elastic and dielectric constant show irreversible response due to irreversible domain dynamics [21] . Therefore after subjected to high temperature, the PWAS transducer material properties become non-reversible and eventually affect the E/M impedance/admittance signature.
Scope of this paper
In a previous publication [16] , we studied the effect of temperature and radiation exposure on PWAS transducers and found that variation of the resonance and anti-resonance frequencies and amplitudes may appear due to high temperature exposure. However, characterization PWAS transducer material properties before and after temperature exposure were not investigated at that time [16] . Characterization of such material properties may be relevant to explaining the changes observed in the resonance and anti-resonance amplitudes and frequencies. The major unanswered question that remained to be answered was as to whether there is any microstructural or crystal structure change that may produce these frequencies and amplitudes change. Furthermore, if these material changes are actually microscale damage in the material structure, then this might prevent further use of PWAS transducers in SHM applications. These transducers are susceptible to damage themselves due to high temperature exposure.
Transducer characterization is important in such cases for identifying faulty transducers. Moreover, any change in the material properties of PWAS transducer itself due to high temperature that is responsible for irreversible and nonlinear response might create further problem for SHM applications in thermal cyclic loading. After subjected to elevated temperature the properties of PWAS transducer material may not return to the original state due to thermal hysteresis. Further heating may create additional change in material properties. Indeed, PWAS transducer material is known to show irreversible behavior due to irreversible domain switching, depinning of domain or domain wall motion upon cooling from heating. Therefore, change in PWAS transducer material properties need to be evaluated for different heating cyclic for proper damage detection in SHM applications.
The aim of this paper is to measure irreversible response and to examine the PWAS transducer microstructure, crystal structure after exposure to elevated temperature. In this temperature dependence study, PWAS transducer samples were exposed to 50°C-250°C with 50°C interval at 1-2°C min −1 heating rate. E/M impedance/admittance signatures were measured before and after exposure to high temperature. Different material properties such as, mechanical quality factor, dielectric constant, dielectric loss, and in-plane piezoelectric constant were also evaluated at room temperature before and after heating to high temperature for each heating cycle. The piezoelectric material degradation was also investigated by microstructural and crystallographic study. A numerical model of 2D circular PWAS transducer was used to investigate numerically the effect of change in material properties on E/M impedance and admittance spectra.
Theory
The PWAS transducer can be modeled as a simple E/M system as shown in figure 1 . The mechanical aspects of the transducers can be described by its mechanical impedance. Driving parameters for the mechanical impedance is mass, stiffness and damping. The electro-mechanics of PWAS transducer is typically represented by its transduction relations, while such transduction relations for a PWAS transducer material are usually referred to as the constitutive relations. The dynamics of the PWAS transducer can generally be represented by its structural impedance. The E/M system can be represented by electrical admittance or impedance which is affected by the PWAS transducer dynamics and mechanical impedance. The coupled relation between the mechanical impedance and complex electrical impedance/admittance of PWAS transducer can be shown as follow [22] :
Admittance:
Impedance:
11 33 Complex compliance and dielectric constant can be expressed as
where h and d are dielectric and mechanical loss factor respectively.
Experiments of PWAS transducer
E/M impedance/admittance and different material properties of a set of six nominally identical free PWAS transducers were measured at room temperature after exposure to various high temperature values. The following experimental procedure was followed.
1. E/M impedance/admittance and different material properties of free PWAS transducers were measured at baseline room temperature.
2. PWAS transducers were heated to various temperature levels (50°C-250°C with 50°C steps) at 1-2°C min
heating rate in an oven; then PWAS transducers were kept at that temperature for couple of hours. After exposure to that temperature, PWAS transducers were extracted from the oven and allowed to cool in air at room temperature. 3. E/M impedance/admittance and other material properties of PWAS transducers were measured again at room temperature to investigate material response of PWAS transducers. 4. Microstructural and crystallographic investigation of PWAS transducer was performed after exposure to 250°C temperature.
E/M Impedance/admittance of free PWAS transducer
Experimental set up for E/M impedance/admittance measurement is shown in figure 2 . A commercial HP 4194A impedance analyzer was used for E/M impedance/admittance measurement. PWAS transducers were loaded in a test stand and connected to impedance analyzer by wires. PWAS transducers were measured in a stress-free state by using pogo pins that only apply small spring forces to the PWAS surface ( figure 2 ). An oven with PID temperature controller was used to elevate the PWAS to high temperature. A data acquisition system was used to collect the E/M impedance/admittance. The E/M impedance/admittance values were collected from 250 to 350 kHz with a step size of 50 Hz. The real part of the impedance/admittance is used for E/M impedance/admittance method as it has been used for damage detection in SHM applications [23, 24] . The frequency range is determined by trial and error method and only first PWAS antiresonance ( 330 » kHz) and resonance ( 290 » kHz) was considered in this article. In earlier publication by Lin et al [25] showed that, 1st resonance and anti-resonance spectrum shows more stable response than higher resonance or antiresonance spectrum. In order to detect damage properly it would be recommended to follow change in frequencies of 1st resonance and anti-resonance.
Peaks in the PWAS transducer E/M impedance/admittance were seen based on E/M coupling with mechanical impedance/admittance of the PWAS transducer. Equations (1) and (2) show the coupled relation between the PWAS transducer mechanical impedance and complex electrical impedance/admittance. E/M impedance/admittance spectra depend on PWAS transducer material properties such as stiffness coefficient, piezoelectric constant, dielectric constant, density and different losses in PWAS transducer material. Any kind of change in PWAS transducer material state can be noticed as peak shifts in E/M impedance/admittance. The spectral peaks observed in the real part of the E/M impedance spectrum follows the PWAS transducer anti-resonances and E/M admittance spectrum follows the resonance. Figure 3(a) shows the E/M impedance spectra of a free PWAS transducer after exposure to different temperature and figure 3(b) shows the admittance spectra. In these figures, RT denotes room temperature data, RT_50 denotes as data was taken at room temperature after exposure to 50°C, and so on. It can be seen that, for impedance spectra, both the impedance amplitude and the frequency of the peak impedance decreases with increasing temperature. In case of admittance spectra, admittance amplitude and the frequency of the peak increase with increasing temperature. So, frequency and amplitude of the spectral peaks vary with temperature, which may indicate a change in the PWAS transducer material properties.
The E/M impedance/admittance spectral peak can be characterized by the quality factor Q. The quality factor Q can be defined as the ratio of the energy stored in an oscillating resonator to the energy dissipated due to loss factors, i.e.,
Q 2
Energy stored Energy dissipated per cycle .
The quality factor Q can also be expressed as
where f c is the center frequency and f f 1 2 -is the 3 dB bandwidth. Figure 4 shows the Q values based on impedance and admittance at different temperature. Error bars were obtained from the data of six identical PWAS transducers. The Q values decrease with increasing temperature for both impedance and admittance. The resonance quality factor Q R values are lower than the anti-resonance Q A and it is desired due to more mechanical friction during resonance. Decreased values of the quality factor relates to the increased dissipative losses in PWAS transducer material. Losses in PWAS transducer material are phenomenologically considered to have three coupled mechanisms: dielectric, elastic, and piezoelectric. It should be noted that, R squared values of the regression lines are found to be 0.978 and 0.9777 for impedance and admittance respectively. High R squared value implies that, the regression lines fit the data very well.
Characterization of PWAS transducer
For characterizing PWAS transducer, the dielectric constant, dielectric loss factor, and piezoelectric constant were measured. Later, PWAS transducer microstructural, crystallographic investigation was done to facilitate understanding of PWAS transducer material behavior in extreme environment for SHM applications.
3.2.1. Dielectric constant and dielectric loss. Low field measurement of dielectric constant and dielectric loss of PWAS transducers were measured by E4980A Precision LCR Meter test system at 1 kHz (appendix). Only a small potential was applied (20 mV) to measure the dielectric properties. Dielectric constant relates to a material's ability to resist an electric field. Dielectric constant is directly related to electric susceptibility, which is a measure of how easily PWAS material domains polarize in response to an electric field. So the dielectric constant is influenced by the polarization of domains and domain wall motion of PWAS material.
There are several polarization mechanisms contributing to the dielectric response [17] : (i) electric polarization: the relative displacement of the negatively charged electron shell with respect to the positively charged core; (ii) ionic polarization: as observed in ionic crystals and describes the displacement of the positive and negative sublattices under an applied electric field; (iii) orientation polarization: the alignment of permanent dipoles via rotational movement; (iv) space charge polarization: polarization due to spatial inhomogeneities of charge carrier densities; (v) domain wall motion: movement of high energy domain wall due to reorientation of dipole. Domain wall motion plays a decisive role in ferroelectric materials and contributes significantly to the overall dielectric response [20, 21, [26] [27] [28] . The change in dielectric properties may arise from extrinsic response originating from depinning of domains or domain wall motion. Any change in domain size ultimately affect domain configuration and domain wall mobility which contribute to an irreversible change in dielectric properties. Figure 5 shows the change in dielectric constant after exposure to different elevated temperatures. All the data were taken at room temperature and all the temperature values here are referred to the temperature at which PWAS transducers were heated. Permittivity jumped from 50°C to 100°C and then increased continuously from 100°C to 250°C. Such scenario implies a definite change in domain size and domain wall mobility of PWAS transducer material. R squared value of the regression lines is found to be 0.978. Therefore the variance of its errors is 97.8% less than the variance of the dependent variable. Figure 6 shows that the dielectric loss factor increases after exposure to different elevated temperatures. Dielectric loss quantifies a dielectric material's inherent dissipation of electromagnetic energy (e.g. heat). It can be parameterized in terms of the corresponding loss tangent tan δ. Movement of domain walls also contribute to the dielectric loss of ferroelectric materials. Dielectric loss increases with temperature but remains within 0.2% of initial room temperature value. R squared value of 0.8151 implies a relative larger variation in the measured data. It is expected due to very low values of dielectric loss tangent. Therefore, energy loss of the system may not be linear with the temperature.
In plane piezoelectric coefficient.
In-plane piezoelectric coefficient d 31 were measured using an optical-fiber strain transducer system. In plane piezoelectric coefficient is the ratio of mechanical in-plane strain to applied electric field (units: 31 The experimental setup is shown in figure 7 . In this research twocomponent high temperature M-bond 600 strain gage adhesive was used to attach the FBG sensor on PWAS surface. The highest operating temperature of M-bond is 260°C [31] which is higher than the maximum temperature (250°C) used in this research. Figure 8 shows the change in piezoelectric coefficient d 31 at room temperature after exposure to higher temperatures. The variance of its errors is 83.6% R 0.836 2 = ( ) less than the variance of the dependent variable. In order to investigate the irreversible behavior of piezoelectric coefficient, data were taken at room temperature after exposure to different elevated temperature (50°C-250°C). Dipole moment of PWAS transducer material may be changed due to change in the domain configuration after cooling it down to room temperature from high temperature. This change affects the piezoelectric coefficient. It was found that the piezoelectric coefficient increases after exposure to elevated temperature. The piezoelectric effect is a linear coupling between the polarization and the applied stress field. High temperature exposure of the piezoelectric materials may help to switch the domain in favorable position upon applying an electric field, hence leading to an improved net polarization. Moreover, due to heating of the piezoelectric materials may help to depinning the domains from its pinned position. Therefore, an improved piezoelectric coefficient can be observed.
It should be noted that during d 31 measurement FBG strain sensors were bonded permanently to the PWAS transducer. So, after different temperature exposure, different PWAS transducers and different FBG strain sensors were used. Due to complex experimental procedure, only single data point was taken at each temperature. Moreover, it is very difficult to get exact values of in-plane strain experimentally for small PWAS transducer (in the order of micro-strain). The -´--at room temperature [8] ;
however, our measured experimental value was found to be 125 10 m V 12 1 -´--at room temperature.
Microstructural and crystallographic investigation.
To further facilitate understanding of PWAS transducer material state, microstructural and crystallographic investigation were done. A scanning electron microscopy (SEM) system was used to visualize the PWAS transducer (Ag/PZT/Ag) cross section ( figure 9 ). PWAS transducers have a dense structure with PZT grains composed of 2-3 μm. No variation was found in the microstructure or PZT grains in the PWAS transducer due to elevated temperature exposure (figures 9(a) and (b)). Figure 10 shows the x-ray powder diffraction (XRD) spectrum for PWAS transducer material at room temperature figure 10(a) ) and at room temperature after exposure to 250°C ( figure 10(b) ). XRD is a rapid analytical technique primarily used for phase identification of a crystalline material and can provide information on unit cell dimensions. XRD measures the x-ray diffraction peak with diffraction angle (2θ). Position of the peaks with diffraction angle (2θ) is the important characteristic of the XRD pattern, which act as a unique characteristic of the crystallographic unit cell. By comparing measured peak positions, change in unit cell dimension and symmetry can be obtained. Figure 10 shows no noticeable change in x-ray diffraction peak position. That means, there is no significant change in crystal structure, unit cell dimension, and symmetry after exposure to elevated temperature. Microstructural and crystallographic studies confirm that PWAS transducer can be used as a SHM transducer without any damage after heating to high temperature.
E/M impedance/admittance modeling of free PWAS transducer
This subsection presents numerical results of E/M impedance/ admittance of circular PWAS transducer influenced by increasing temperature. Driving parameters for E/M impedance and admittance are density, Poisson's ratio, elastic compliance, mechanical loss factor, dielectric constant, dielectric loss and in plane piezoelectric constant. It is very difficult to measure all the PWAS transducer material properties (e.g. elastic coefficient) experimentally. A proper numerical model is essential to understand effect of PWAS transducer material properties on E/M impedance/admittance with temperature. For E/M impedance/admittance modeling based on equations (1) and (2), the material properties were taken from the manufacturer data sheet (table 1) and experimental results (table 2) . Figures 11(a) and (b) show the experimental impedance and admittance spectra. Figures 11(c) and (d) show the numerical results for E/M impedance and admittance. The corresponding modified material properties for E/M impedance and admittance modeling to match experimental results are listed in tables 3 and 4. For numerical model density, Poisson's ratio, dielectric constant, dielectric loss, in plane piezoelectric constant and elastic compliance were initially taken from manufacturer data sheet (table 1) and experimental results (table 2); later the values were adjusted with temperature to fit the model with experimental E/M impedance/admittance values. One important observation is that during numerical model the mechanical loss factor for admittance model is higher than for the impedance model. During the resonance the transducer goes through mechanical friction and contributed to more dissipation loss. During anti-resonance the transducer moves hardly resulting in very little mechanical friction and thus it showed very low mechanical loss. Mechanical loss factors are related with the quality factor (figure 4). Mechanical loss factor is the inverse of quality factor during resonance [32, 33] .
Here, R h = mechanical loss factor during resonance and Q R = quality factor during resonance. Mechanical loss factor is not directly the inverse of quality factor during anti-resonance. Mechanical loss factor during anti-resonance can be expressed as [32]
Here, A h = mechanical loss factor during anti-resonance; d = dielectric loss factor; j = piezoelectric loss factor; Table 2 . Material properties deduced from experimental measurements. Q A = quality factor during anti-resonance;
Therefore, mechanical loss factor of anti-resonance depends on piezoelectric coupling coefficient, dielectric loss, and piezoelectric loss; where mechanical loss factor during resonance depends on Q 1 R only. The major observations from numerical results are:
1. The degraded mechanical, electrical, and piezoelectric properties of PWAS transducer were used to simulate the temperature effects on E/M admittance and impedance peaks. 2. Density, Poisson's ratio and compliance coefficient is similar for both impedance and admittance model. Density, Poisson's ratio decreases with increasing temperature and compliance coefficient increases with temperature. 3. Mechanical loss factor for admittance model is higher than for the impedance model. Mechanical loss factor is directly proportional to the inverse of quality factor during resonance. But, Mechanical loss factor is not directly proportional to the inverse of quality factor rather, it depends on other losses. 4. There are very slight variation in dielectric constant and dielectric loss between experimental results and analytical results. Dielectric constant and dielectric loss could be different during anti-resonance and resonance condition due to domain wall motion. 5. Modified in-plane piezoelectric coefficient for analytical model differs significantly from experimental results. A better experimental procedure is required for determining in plane piezo-electric coefficient experimentally.
Temperature correction of E/M impedance and admittance of PWAS for SHM application
Reliable high temperature operation of PWAS transducers are desired for SHM applications. To evaluate the temperature effect from the E/M impedance or admittance spectra, a tentative statistical analysis was done. For statistical purpose, a set of six nominally identical PWAS transducers were exposed to different temperatures. Mean value, standard deviation, and % change of mean value of resonance frequency, anti-resonance frequency and amplitude are listed in tables 5 and 6. It can be inferred from these table that the maximum percentage changes in anti-resonance and resonance frequencies with temperature are 0.41% and 1.01% respectively. The changes in anti-resonance and resonance amplitudes are 18.1% and 11.6%, respectively. For SHM application by using E/M impedance and admittance method, it is important to notice that a free PWAS transducer does not show significance change in anti-resonance or resonance frequency. Plots of these irreversible changes in anti-resonance and resonance frequency as a function of temperature are shown in figure 12 . Both the anti-resonance frequencies and the resonance frequencies have a linear relationship with temperature. Values of anti-resonance frequency decrease gradually as temperature increases whereas values of resonance frequency increase as temperature increases. That means that in both cases irreversibility seems to depend linearly on temperature. Hence, we suggest using the following temperature correction formula
In our particular situation, the experimental values of equation (11) 6. Summary, conclusion and future work 6.1. Summary E/M impedance/admittance response of free PWAS transducer after exposure to various high temperature environments (50°C-250°C) was investigated. The PWAS transducers were made of APC-850 PZT material. Both frequency shift and amplitude change in E/M impedance/ admittance were observed due to change in PWAS transducer material state. Slight variation of 0.41% and 1.01% in resonance and anti-resonance frequency were observed respectively. The observed changes in anti-resonance and resonance amplitudes were larger, 18.1% and 11.6%, respectively.
Peaks in the impedance/admittance signature depend on material properties such as stiffness coefficient, piezoelectric constant, dielectric constant and density. The change in dielectric properties, piezoelectric constant and elastic coefficients may be due to extrinsic response originating from domain wall motion without changes in microstructure or crystal structure. SEM was used to examine the microstructure of the PWAS transducer material and no change in microstructure was observed. Due to irreversible domain dynamics, piezoelectric, elastic, and dielectric constants show irreversible response upon cooling from heating. XRD spectrum was examined to see the change in crystal structure, unit cell dimension, and symmetry. No significant change in crystal structure, unit cell dimension, and symmetry was observed.
Numerical simulation was also performed; numerical results show that the impedance and admittance strongly depends on elastic coefficient, dielectric constant, dielectric loss tangent, mechanical loss and in-plane piezoelectric constant that can change significantly after high temperature exposure. The change in material properties of PWAS transducer are responsible for changing in amplitude and frequency of the peak amplitude of impedance or admittance. A tentative statistical analysis was conducted to find sensitivity of resonance and anti-resonance frequencies and amplitudes with temperature. Resonance frequency and antiresonance frequency shows less sensitive to temperature than the corresponding amplitudes.
Conclusion
A compensation technique is proposed in this paper base on the fact that, irreversible changes in anti-resonance and resonance frequencies have a linear relationship with temperature. This relation could provide temperature compensation in high temperature environment and could be useful for proper damage detection. Obviously, temperature measurements will need to be included with the acquisition of each impedance/admittance signature. However, these PWAS transducers are susceptible to damage themselves after heating to elevated temperature. Therefore, for proper structural health monitoring system it is important to characterize the transducer systematically before installing on the host structure. PWAS transducer characterization allows a SHM system to infer the integrity of the transducers and separate flawed signal from structural defects.
This research could provide a number of future benefits: (a) temperature compensation for proper damage detection (b) developing alternative method in SHM applications for temperature more than the curie temperature of PWAS transducer (c) a proper SHM technique in high temperature environment with limited number of transducers (d) developing a method for transducer characterization to separate defective transducers for impedance and admittance based SHM technique.
Future work
Further research would be recommended in order to conduct a statistical distribution for in-plane piezoelectric coefficient and better experimental procedure can be used to measure the in-plane strain (e.g. digital image correlation). A future study would also be recommended to examine the domain configuration of PZT by transmission electron microscopy (TEM). A special arrangement would be necessary to heat up the sample and then cool down to room temperature for in situ inspection of piezoelectric domain under TEM.
